We report a genome-wide association study (GWAS) and admixture analysis of glaucoma in 12 008 AfricanAmerican and Hispanic women (age 50 -79 years) from the Women's Health Initiative (WHI). Although GWAS of glaucoma have been conducted on several populations, this is the first to look at glaucoma in individuals of African-American and Hispanic race/ethnicity. Prevalent and incident glaucoma was determined by selfreport from study questionnaires administered at baseline (1993 -1998) and annually through 2005. For African Americans, there was a total of 658 prevalent cases, 1062 incident cases and 6067 individuals who never progressed to glaucoma. For our replication cohort, we used the WHI Hispanics, including 153 prevalent cases, 336 incident cases and 2685 non-cases. We found an association of African ancestry with glaucoma incidence in African Americans (hazards ratio 1.62, 95% CI 1.023 -2.56, P 5 0.038) and in Hispanics (hazards ratio 3.21, 95% CI 1.32-7.80, P 5 0.011). Although we found that no previously identified glaucoma SNPs replicated in either the WHI African Americans or Hispanics, a risk score combining all previously reported hits was significant in African-American prevalent cases (P 5 0.0046), and was in the expected direction in the incident cases, as well as in the Hispanic incident cases. Additionally, after imputing to 1000 Genomes, two less common independent SNPs were suggestive in African Americans, but had too low of an allele frequency in Hispanics to test for replication. These results suggest the possibility of a distinct genetic architecture underlying glaucoma in individuals of African ancestry.
INTRODUCTION
Glaucoma is a heritable and irreversible degenerative optic neuropathy that is the second-leading cause of blindness worldwide (1) . The majority of glaucoma cases are caused by open angle glaucoma (OAG), although angle closure glaucoma (ACG) is also common in some racial/ethnic groups. The primary risk factor for open angle glaucoma is intraocular pressure. Heritability estimates for the intraocular pressure endophenotype range from 0.29 to 0.36 (2) (3) (4) .
The prevalence of glaucoma (OAG and ACG combined) varies by race/ethnicity/ancestry with, for example, individuals from Europe having an estimated prevalence of 2.2%, China 2.7%, Japan 3.7%, Latin America 3.4% and Africa 4.3% (1) . Of these, the proportion of individuals due to OAG in Europe is 88.6%, China 52.6%, Japan 89%, Latin America 94.3% and Africa 96.2%, with the remainder due to ACG. Individuals of African ancestry have the highest prevalence of glaucoma, although individuals of white race/ethnicity have a steeper incline in recent years (5) . This racial disparity in terms of glaucoma cases suggests that further study of African Americans may provide valuable insights into this disease. In addition, there is a sex disparity in prevalence, as women comprise 59% of all glaucoma cases (1).
Genome-wide association studies (GWAS) of glaucoma have been conducted on individuals of white race/ethnicity (6 -10) , individuals of Chinese race/ethnicity (11) and individuals of Japanese race/ethnicity (12) (13) (14) (15) (16) , but none to our knowledge on African Americans or Hispanics. Here, we present a GWAS of self-reported glaucoma prevalence and incidence in the Women's Health Initiative (WHI) SNP Health Association Resource (WHI SHARe), which includes 7787 African-American and 3174 Hispanic women.
RESULTS
Demographic characteristics of the cohort are given in Table 1 . The baseline prevalence of glaucoma in African Americans was 8.4% (95% CI 7.8-9.1%) for women of an average baseline age of 61.6 (SD 7.04), and in Hispanics was 4.8% (95% CI 4.1 to 5.6%) for women of an average baseline age of 60.2 (SD 6.68). Results of multivariable regression analyses are provided in Table 2 . As expected, age significantly increases the risk for glaucoma. Body mass index (BMI) is positively associated with risk (except in prevalent African Americans), and is statistically significant for African-American incident cases. As has been reported previously (17, 18) , diabetes is also positively associated with risk of glaucoma in both prevalent and incident cases, and statistically significant for all but the Hispanic incident cases. Systolic blood pressure (SBP), diastolic blood pressure (DBP) and hypertension were generally not associated with glaucoma. Global (genome-wide) African ancestry was associated with an increased hazard of developing glaucoma in the African-American individuals, even though we were controlling for education and income (which showed no significant association) along with the other covariates (hazards ratio 1.62, 95% CI 1.023 -2.56, P ¼ 0.038). African ancestry is also associated with an even greater increase in risk in the Hispanic individuals, even though we adjusted for income, education, nationality and the other covariates (hazards ratio 3.21, 95% CI 1.32 -7.80, P ¼ 0.011), although the confidence interval overlaps with that of African Americans. Global African ancestry was not formally significant in either the African-American or Hispanic prevalent cases, though the direction was the same as that of the incident cases. Among the Hispanics, Native American ancestry was positively associated with glaucoma risk in analysis of both prevalent and incident cases, but did not reach statistical significance.
We first tested 18 SNPs that were previously shown to be associated with glaucoma (6 -16) obtained from the National Human Genome Research Institute GWAS catalog (19) . None of these SNPs replicated in the WHI-SHARe cohorts, as shown in Table 3 , even though the majority of the SNPs imputed extremely well (all but one have estimated r 2 . 0.95). However, of the 10 SNPs in six chromosome locations that were previously found to be associated with OAG, most showed association in the same direction in both the analysis of prevalent and incident cases (African-American incident 8/10; African-American prevalent 9/10; Hispanic incident 7/10; Hispanic prevalent 8/10).
All ORs/RRs in Table 3 are smaller than the originally reported value. This may be due to winner's curse (inflation of values in the original studies) (20) , diminished effects in the race/ethnicity groups in this study or attenuation due to imprecise diagnosis in the current study. To assess the impact of the latter, for each of the 10 SNPs in Table 3 for OAG, we calculated RR-1 (or OR-1) for the original study and then for each of our four study groups (African-American and Hispanic incident and prevalent), and then to the ratio of (RR-1) for each SNP in each of our study groups to the original SNP (RR-1). The mean (median) value of this ratio across 10 SNPs for each of the four study groups is 0.054 (0.027) African-American incident, 0.377 (0.310) African-American prevalent, 0.175 (0.146) African-American incident and prevalent combined, 0.048 (0.005) Hispanic incident, 0.110 (0.040) Hispanic prevalent and 0.070 (0.014) Hispanic incident and prevalent combined. These results suggest somewhat stronger replication evidence in the prevalent cases (who are younger at diagnosis) and African Americans. However, overall, the relative risks are substantially attenuated compared with the originally observed values.
To evaluate the impact of imprecise diagnosis, we employed Formula 2 from Materials and Methods. Formula 2 is more We then formed an SNP risk score, weighting each variant by the previously reported log odds ratio of the OAG-associated SNPs (see Materials and Methods), the score was significant in African-American prevalent cases (P ¼ 0.00086, Table 4 ), and in the expected positive direction though not significant for two of the three other groups. Of note, all of the SNPs previously found to be associated with glaucoma were originally identified in studies of white, Chinese and Japanese subjects, who have a different LD structure than the African Americans and Hispanics in the WHI. To assess if a different SNP that was highly correlated with the original GWAS finding might actually be the true causal locus, and the GWAS failed replication because of different LD patterns in the current study, local association plots using the LD pattern in the population in which the SNP was originally discovered are shown in Supplementary Material, Figure S2 . There is a very mild suggestion of a few potential hits that are in strong LD with the SNP in the discovery panel, but no longer in African Americans or Hispanics (because of the different LD structure in these races/ethnicities); none is particularly notable nor would survive multiple comparison correction.
None of the directly genotyped SNPs in the combined incidence and prevalence analysis in African Americans showed genome-wide significant association (defined as the conventional P , 5 × 10 28 ) with glaucoma. We then examined SNPs imputed from the 1000 Genomes dataset (http://1000genomes. org), shown in a Manhattan plot in Figure 1 and Q-Q plot in Supplementary Material, Figure S1a (individual incident and prevalent in Supplementary Material, Figure S1b and c, respectively). The SNP rs542340 in the DNAJC24 gene on chromosome 11 was the most significant (P ¼ 8.0 × 10 29 ), and is described in Table 5 , along with a local association plot in Figure 2 . The frequency of the SNP we observed in the WHI African-American controls (0.018, Table 5 ) is consistent with those found in 1000 Genomes populations (10/246 YRI carriers, MAF 0.0203; 1/181 AMR, MAF 0.0028; 0/286 ASN; and 0/379 EUR). As expected, this SNP is very rare in the WHI Hispanics and does not have a sufficiently high allele frequency to test for replication. Two other neighboring imputed SNPs in the introns of ELP4, rs555091 and rs506227, both nearly perfectly correlated with rs542340, also showed genome-wide significance; neither was significant after adjusting for rs542340. We examined the recent ENCODE results (21) and queried RegulomeDB (22) to evaluate the regulatory potential score of these SNPs. There was no data found for rs542340, and only very minimal support for the other highly correlated imputed SNPs around it. We identified two additional SNPs, one on chromosome 14 and one on chromosome 16 that were genome-wide significant ( Table 5 ). The minor allele of intergenic SNP rs192917960, on chromosome 16, was also too rare to test for replication in the WHI Hispanics and has no encode data supporting it. The final SNP that was genome-wide significant in African Americans, with 1000 Genomes identifier chr14:51604618:I, failed to replicate in the Hispanics, although the summary odds ratio and the odds ratio for incident cases were in a consistent direction.
Though we were inadequately powered to draw firm conclusions, we further ran exploratory GWAS analysis on Hispanic incident and Hispanic prevalent cases (Supplementary Material, Fig. S1d -f ), but no SNPs were genome-wide significant (Supplementary Material, Table S1 ).
In addition, we performed admixture mapping analysis in the African-American subjects with results shown in Figure 3 . We did not find any genome-wide significant regions (threshold of P , 7 × 10
26
) under this approach. Supplementary Material, Figure S3 shows the separate incident and prevalent admixture mapping analysis results.
DISCUSSION
Although it has been shown that African Americans have a higher incidence of glaucoma (1, 23) , our study is the first to Odds ratios and 95% CI are from logistic regression (prevalent cases) and hazard rates and 95% CI are from Cox proportional hazards regression (incident cases). Chr, chromosome; Pos, base pair position; A1, allele 1, risk allele previously associated; A2, allele 2; A1F, frequency of A1 allele; HR, hazards ratio (incident); OR, odds ratio (prevalent); P, P-value; Prev OR, odds ratio previously reported for SNP; Effect, going across the columns for African-American incident, African-American prevalent, Hispanic incident and Hispanic prevalent, a "+" indicates that it is in the same direction as previously reported and a "2" indicates that it is in the opposite direction; OAG, previously found to be associated with open angle glaucoma; ACG, angle-closed glaucoma; NTG, normal tension glaucoma; EXF, exfoliation glaucoma; NR, previously associated but not replicated SNP. Thus, the first 13 SNPs are the ones we are most confident of being true previous hits.
demonstrate that African ancestry, both in African Americans and Hispanics, is associated with an increased risk of glaucoma. Although we tried to control for as many potential confounders as were known, including income, education, nationality, blood pressure and diabetes, it is important to note that these signals may still represent an unmeasured confounding factor, rather than reflecting causal genetic factors. Although none of the previously identified SNPs associated with glaucoma formally replicated in our cohort, many of them were in the same direction, and a risk score combining them was significant in the prevalent African-American cases. This is likely due in part to sample size and different genetic architecture, including LD patterns and allele frequencies in our populations. Lack of diagnostic precision is also likely a factor, although according to our calculations the attenuation of the observed relative risks is not likely fully explained by poor diagnostic specificity. Winner's curse may also play a role, where the original relative risks were inflated (20) . A post hoc analysis of the minimum detectable odds ratio/hazards ratio, correcting for the 13 (24) . These would be slightly larger for markers that are imputed instead of genotyped.
An important limitation of our study is that glaucoma was defined by self-report, though studies have shown substantial agreement between self-report and medical records (24, 25) . In addition, data from the WHI Sight Examination (WHISE) study had 89.8% sensitivity and 98.0% specificity when comparing self-reported treatment to self-reported diagnosis (26) . Using self-report, we find a slightly higher prevalence of the disease than has been found in other populations of similar race/ethnicity (1). We also have no distinction between different subtypes of glaucoma which may have different underlying genetic architectures (or for purely environmental causes, such as steroid-induced glaucoma), although the large majority of the African-American and Hispanic individuals analyzed here are likely to have OAG (1). OAG and ACG have very different clinical manifestations. Two-thirds of OAG cases have elevated ( . 21 mmHg) IOP, whereas others may have normal IOP (normal tension glaucoma), and drainage is inadequate. Secondary mechanisms include developmental anomalies, trauma/ infection scarring and plugging of channels by pigment dispersion syndrome or pseudo-exfoliation syndrome. In contrast, ACG is caused by factors that push/pull the iris up into the angle, physically blocking aqueous drainage and elevating IOP (27) . In addition, IOP may not distinguish between glaucoma itself and ocular hypertension. Chr, chromosome; Pos, base pair position; A1, allele 1, risk allele previously associated; A2, allele 2; A1F, frequency of A1 allele; HR, hazards ratio (incident); OR, odds ratio (prevalent); P, P-value; Prev OR, odds ratio previously reported for SNP; Effect, going across the columns for African-American incident, African-American prevalent, Hispanic incident and Hispanic prevalent, a "+" indicates that it is in the same direction as previously reported and a "2" indicates that it is in the opposite direction; OAG, previously found to be associated with open angle glaucoma; ACG, angle-closed glaucoma; NTG, normal tension glaucoma; EXF, exfoliation glaucoma; NR, previously associated but not replicated SNP. Thus, the first 13 SNPs are the ones we are most confident of being true previous hits. Figure 1 . Manhattan plot of glaucoma association for African Americans. P-values combine incident and prevalent coefficients using an inverse variance method. The dotted line here marks genome-wide significance at 5 × 10 28 . Inflation factor l ¼ 1.022. In the plot/legend, the color code of the P-values corresponds to the P-value in previously reported studies; in the legend, for example, "genotyped, P , 5 × 10
28 " indicates that a previous study had a P-value of ,5 × 10 28 , i.e. genome-wide significant, and "genotyped, win P , 5 × 10 28 " indicates that it is within 0.5 Mb of such an SNP (a 1 Mb window). Triangles are imputed SNPs and circles are genotyped SNPs.
Of note, some of the allele frequencies of previously identified hits are lower in African Americans and Hispanics. In particular, this is true of the SNPs in the CDKN2B/CDKN2BAS region which have much lower allele frequencies in African Americans and Hispanics than in the 1000 Genomes whites (MAF of rs523096 0.43, rs7865618 0.42, rs2157719 0.42, rs4977756 0.40 and rs1063192 0.43). These correlated SNPs are protective against glaucoma, and so the reduced frequency of these alleles may contribute to the higher prevalence of disease in African Americans and Hispanics.
We also found two potential novel SNPs associated with glaucoma in African Americans that require further follow-up. Currently, no such replication cohort exists, to the best of our knowledge. The SNPs did not have RegulomeDB scores (i.e. no evidence of functionality), and both had too low of an allele frequency to be tested in the WHI Hispanics. However, we anticipate that the development of other large cohorts of African-American glaucoma cases may allow for a direct assessment of replication, which will be critical. We also note that the SNP with 1000 Genomes identifier chr14:51604618:I, which was genome-wide significant in African Americans but did not replicate in Hispanics, is in the location of a previous linkage peak at chromosome 14q22 (hg19 position 50 900 001 -58 100 000) (28) .
In summary, although our study fails to replicate previous findings from different races/ethnicities after correcting for multiple testing, many of the associations are in the same direction. Larger sample sizes are necessary to fully understand the degree to which these associations are replicable in African Americans and Hispanics, and the relative magnitude of genetic effects. We also identified several genome-wide significant SNPs by imputation that should be tested for replication in additional cohorts with African ancestry. Finally, it is the first study to demonstrate an association of glaucoma with African ancestry.
MATERIALS AND METHODS

Participants
The WHI is a U.S.-wide study consisting of an observational cohort and three clinical trials examining common health problems in generally healthy postmenopausal women. Study baseline was from 1993 to 1998 with annual follow-up for 8-12 years and two 5-year extensions (from 2005 to 2010 and 2010 to 2015). Details of the study design and cohort characteristics have been previously described (29, 30) . The nested WHISHARe cohort analyzed here consisted of 8515 individuals of African-American race/ethnicity and 3642 of Hispanic race/ethnicity from both the WHI Observational Study and the Clinical Trials, who had consented to genetic research. All participants provided written informed consent as approved by local Human Subjects Committees. Phenotypes were based on the phs000200.v3.p1 release of the dataset on October 21, 2010.
Genotyping and data quality control
Individuals in the WHI-SHARe cohort were genotyped on the Affymetrix 6.0 array. Genotype quality control criteria included call rate, sex discrepancy and blinded and unblinded duplicates. Furthermore, individuals whose genetic ancestries differed from Table 5 . Results for SNPs that reach genome-wide significance (P , self-reported races/ethnicities, as well as any relatives (one from each set) were removed. A total of 8153 individuals of AfricanAmerican race/ethnicity and 3587 individuals of Hispanic race/ ethnicity passed all sample and genotype quality control criterion. Details of these quality control procedures have been described previously (31) (32) (33) .
Glaucoma phenotype definition
Women self-reported prevalent and incident of glaucoma through a series of questionnaires. For the prevalence analysis, at WHI baseline (1993 -1998) an initial Medical History form was sent out to WHI participants (Form 30) asking individuals if they had ever had glaucoma. There were 658 AfricanAmerican women who self-reported having glaucoma at this time, and 7129 women who did not; as well as 153 Hispanic women who self-reported glaucoma at baseline, and 3021 who did not.
For the incidence analysis, we followed up on individuals who did not have glaucoma at baseline. We also excluded individuals who were missing a response to the glaucoma question on the baseline Medical History form, though including them as To get some assessment of the accuracy of the self-report medical history information, we used an independent set of individuals from the WHISE substudy of WHI, which obtained information on self-reported glaucoma treatment (drops, medication or surgery) (26) . Treating self-reported treatment as the closest thing available to a true doctor's diagnosis, self-reported glaucoma has sensitivity 89.8% and specificity 98.0% (220 self-report glaucoma and glaucoma treatment; 4015 self-report no glaucoma and no treatment; 82 self-report glaucoma but not glaucoma treatment; and 25 self-report treatment but not glaucoma).
Evaluation of demographic and medical characteristics
Study subjects were evaluated for possible glaucoma-associated demographic factors including age, sex, race/ethnicity/nationality, income and education. Medical traits also possibly associated with glaucoma were obtained from the baseline Medical History form and included BMI, SBP, DBP, hypertension and diabetes. These factors were tested for association with glaucoma using a multivariable logistic regression model for prevalent cases and Cox proportional hazards model for incident cases.
Genomic imputation
Imputation was performed using a cosmopolitan reference panel of all of the individuals of all races/ethnicities from the 1000 Genomes March 2012 interim release (http://1000genomes. org). Genotypes were pre-phased with SHAPE-IT v1.ESHG (34) , and then imputed using Impute2 v2.2.2 (35) . We then discarded all SNPs with imputation r 2 , 0.3. To assure sufficient allele counts in tests of association with glaucoma, we used only SNPs with MAF . 0.01 in the analysis of African-American incident cases (15 784 307 SNPs) and MAF . 0.02 in the analysis of African-American prevalent cases (14 803 533 SNPs), MAF . 0.03 in Hispanic incident case analyses (7 791 354 SNPs), and MAF . 0.05 in Hispanic prevalent case analyses (6 450 021 SNPs). These MAF thresholds give an expected cell count of at least 20 in the smallest (case) cell including minor homozygotes plus heterozygotes.
Population structure and genome-level ancestry analysis
Principal components analysis was performed separately in individuals of African-American race/ethnicity and Hispanic race/ ethnicity using Eigenstrat (36) . We also used the software Frappe (37) to determine individual ancestry proportions using 656 852 autosomal markers and 475 publicly available samples to represent the ancestral populations (YRI and CEU from HapMap and East Asian and Native Americans from the Human Genome Diversity Project (38) ), as has been described (32) . The individual ancestry proportions so derived were used as the dependent variables in a logistic regression analysis of prevalent cases and survival analysis of incident cases (as described above for the demographic variables) to test the effect of ancestry on glaucoma risk.
Local ancestry estimation and admixture mapping
For admixture mapping analysis, local ancestry was estimated using the program SABER+ (39), as has been described in a previous analysis of WHI-SHARe data (32) . The threshold for genome-wide significance is less than for genome-wide association tests because recent admixing history causes extensive correlation in local ancestry. Previous theoretical analysis and simulations suggest that a threshold of 7 × 10 26 provides the correct type I error (40) . Admixture analysis was only performed in individuals of African-American race/ethnicity, and not in those of Hispanic race/ethnicity because of the reduced sample size for the latter (32) . The analysis was based on logistic regression for prevalent cases and proportional hazards analysis for incident cases, testing a covariate for local ancestry at each SNP location (instead of for an SNP genotype as in a GWAS analysis, as described below).
Genome-wide association analysis
Association analysis was performed using R (41) . A logistic regression model was used to analyze prevalent case data and a Cox proportional hazards model was used to analyze incident case data. Analyses were conducted separately in each race/ethnicity group. Genotypes were analyzed using an additive model for typed markers, and additive dosages for imputed markers, which has been shown to be efficient (42) . The first and seventh principal components were used in the analysis with African Americans and the second and fifth principal component were used in the analysis with Hispanics, as they were the only PCs significant in the model. We also included as covariates significant demographic/medical factors described above.
Under certain assumptions, we can combine the results of the incidence and prevalence analyses within each race/ethnicity. Although the individuals in the prevalence and incidence models overlap, the person-time of the individuals does not overlap. If we assume that being free of glaucoma at baseline (the time of prevalence measure) is independent of the time to develop incident glaucoma, conditional on the covariates (which include age), then the logistic regression analysis of prevalent cases and the survival analysis of incident cases are independent under the martingale property of Cox models (43) . We can test this assumption to some extent by computing the correlation of the regression coefficients; we saw very low correlation estimates of 0.029 in African Americans and 20.0062 in Hispanics. When this assumption is met, we can combine the coefficients of both results. We use the standard inverse variance method to combine the coefficients, an approach typically employed under a rare-disease assumption, which in our case is only approximate but adequate (in terms of the odds ratio from the analysis of prevalence cases approximating the relative risk).
We used a multiple comparison statistical significance threshold of 5 × 10
28
, which we use to declare genome-wide significance. For replication of the 13 SNPs found and replicated in previous studies to be associated with glaucoma, we used Bonferroni-corrected statistical significance threshold of a ¼ 0.05/13 ¼ 0.0038.
The genomic inflation factor (44) was very modest for all GWAS analyses (African-American incident and prevalent l ¼ 1.022; African-American incident l ¼ 0.988; AfricanAmerican prevalent l ¼ 1.014; Hispanic incident and prevalent l ¼ 1.025; Hispanic incident l ¼ 1.036; Hispanic prevalent l ¼ 0.994).
Test of previously identified hits (combined risk score)
We constructed a risk score for each individual by weighting the additive coding of each OAG-associated SNP by the previously reported log(OR), and then summing them up, excluding variants in high LD with each other (namely the CDKN2B/ CDKN2BAS region where we only included the maximally correlated SNP rs7865618, see Supplementary Material, Table S1 ). We coded the SNP genotypes at each locus so that the predisposing allele had a score of 1 (versus 0 for the protective allele), so that the log(OR) was always positive, and we could assess the consistency of the directionality of the risk score with previous results.
Assessing attenuation of SNP relative risks using self-report diagnosis Self-reported diagnosis of glaucoma may have reduced sensitivity and specificity with a true diagnosis of glaucoma, and in particular OAG. To assess the potential impact on our SNP association results (i.e. observed relative risks), we develop some formulas. Let RR t denote the true relative risk associated with an SNP variant, and RR o the relative risk observed in our study based on self-report. Let G denote the high-risk genotype(s) and g the low-risk genotype(s). Let X denote the true glaucoma status of an individual ( ¼ 1 if affected and 0 if unaffected) and Y denote the self-report glaucoma status (¼1 if affected and 0 if unaffected). Let t ¼ Prob(X ¼ 1|G) and u ¼ Prob(X ¼ 1|g), so that RR t ¼ t/u. Let a ¼ Prob(Y ¼ 1|X ¼ 1) ¼ sensitivity of self-report and b ¼ Prob(Y ¼ 0|X ¼ 0) ¼ specificity of self-report. From these definitions, we derive the following formula:
After some algebra, we obtain (2) This formula can then be used to assess the attenuation of an SNP relative risk due to an imprecise diagnostic assessment.
